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Abstract 
Aluminum alloy integral panels are widely used in modern large aircraft. The common forming method for integral panels is press bend 
forming and assisted with peen forming. Because of the larger thickness size and high strength of butt joints on integral panels, the press bend 
forming method, which is simple, convenient and short production cycle, is used to manufacture butt joints. In order to improve curvature 
accuracy of butt joints during press bend forming, a Dynamic Three Point Multi-step (DTPMS) press bend forming method was proposed in 
this paper. Then, the problem of springback in bending process was analyzed, and the calculation model of punch displacement and 
workpieces’ deflection was further established based on elastoplastic theory, energy method and mathematics. Finally, the proposed method 
was verified in ABAQUS/Standard and it can be concluded that the method is efficient. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Integral panels are widely used today on advanced aircrafts 
for the advantages of light weight, high stiffness and high 
structural efficiency. The forming technology has been a hot 
topic in the field of aerospace [1]. Press bend forming method 
and assisted with peen forming are an important way to 
manufacture integral panels. Because of the larger thickness 
size and high strength of butt joints on integral panels, the 
common method of peen forming cannot be used in the 
forming of butt joints. So the press bend forming method is 
used to manufacture the butt joints on integral panels. Besides, 
press bend forming method possesses many advantages, such 
as low tooling cost, short cycle time and adaptability to 
different contours [2, 3]. For example, large transport aircraft 
of ‘An’ series are manufactured mainly by press bend forming 
method and assisted with peen forming method. Russian Su -
27 are completely manufactured by bending forming method 
[4, 5]. In many aircraft companies, press bend forming mainly 
depends on the intuitions of the operators, who carry out 
numerous trial and error tests. During the forming process, it 
is easy to produce the defects such as instability and crack, 
and it will have a larger springback after unloading, which is 
difficult to form. 
Yan et al. [6] completed the simulation of a seven-step 
press bend forming process of doubly curved integrally 
stiffened aircraft panels, and analyzed stress and strain 
distributions. Zhao et al. [7] built a three-dimensional finite-
elements model of bending process for a thin-walled 
rectangular tube under the ABAQUS/explicit environment, 
and analyzed several key techniques, such as contact boundary 
condition treating, material properties definition, meshing 
technology, etc. Meanwhile, the distribution laws of tangential 
stress in the process were analyzed. Liu [8, 9] et al carried out 
some valuable and fundamental experimental and numerical 
studies on press bend forming to analyze the strain and stress 
distribution, the springback and the self-adapting incremental 
press bending. Jeswiet, J et al. [10] summarized single-point 
incremental forming of sheet metal. The main problems 
during the forming process were proposed, such as springback, 
stress concentrations and so on, and the multi-step forming 
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strategies and single-step forming method were compared, 
besides, the advantages of multi-step forming method were 
explained. Liu Tianjiao et al. [11] investigated the springback 
behaviors of the age-hardened 2196-T8511 and 2099-T83 Al–
Li alloys extrusions with Z-section and T-section under 
displacement controlled cold stretch bending (DCSB). The 
analytical model was established and finite element method 
was used to simulate DCSB. Sun et al. [12] established a 
general expression between bending moment and reverse 
curvature when correcting bended distorted part by employing 
elastoplastic theory, and a formula used to calculate the stroke 
of pressing down for straightening manufacturing distortion 
was obtained. The research work above provided a basis for 
the research of this paper, but there are still some problems. 
Firstly, literature on the studies of press bend forming for butt 
joints on integral panels has been scant up to now. Then, both 
bending and springback were simulated with an explicit 
algorithm in their study. The principles of the explicit 
algorithm determined that the stress calculated with the 
explicit algorithm is not accurate enough, while the stress field 
of the forming stage decided the precision of the springback 
calculation. Although it is commonly accepted that using an 
explicit algorithm to analyze the forming stage and an implicit 
algorithm to analyze the springback stage is an efficient way 
of simulation, many researchers recommend calculating both 
forming and springback with an implicit algorithm [6]. In 
addition, the forming of butt joints is a multi-step process, and 
the simulation of the bending at different bending points needs 
accurate repositioning of the deformed panel and dies. 
Therefore, FEM modelling involves calculation of the 
movements of the dies and complicated contact conditions. 
The literature can be referred is also less. 
In this work, the finite element simulation model of the 
panel joint was established, and the DTMPS forming method 
for the panel joint was simulated in the ABAQUS/standard 
environment. The springback during the process of bend 
forming was analyzed, and the stroke of punch displacement 
was calculated based on elastoplastic theory, energy method 
and mathematics. The theoretical solution agreed well with the 
finite element result. It is a meaningful work to improve the 
bending quality and efficiency of the panel joints in practical 
production. 
2. DTPMS bend forming process 
2.1. Forming process of integral panels  
The forming process of integral panel is shown in Fig. 1. 
The plane of aluminum blank should be milled first, after that, 
the grid and stiffeners will be milled. Then, the butt joints 
need to bend forming through the method of press bend 
forming, and the curvature should meet the requirements of 
manufacture. Besides, shot peening forming is needed for the 
bend forming of grid and stiffeners. Finally, the size detection 
of integral panel is carried out. The process of press bend 
forming for butt joints is the main contents in this paper. 
 
 
 
Fig. 1. Integral panel forming process 
2.2. DTPMS forming process 
The overall bending process as shown in Fig. 2. AD 
segment is butt joint before bending, BC segment is butt joint 
after bending. The principle of DTPMS forming method is 
described as follows:  
a. gradually symmetric bending is necessary, and the 
motion of punch and support body is from the middle to both 
sides. 
b. at the end of the bending for one bending point, punch 
and support body will move to the next bending point in one 
circle. 
c. bend over until the curvature of butt joints meet the 
requirements.  
d. the steps of DTPMS bend forming method is 
step 1.1˖bending at point a, and punch displacement is 
11H ˗ 
step 1.2˖bending at point m, and punch displacement is 
12H ˗ 
step 1.3˖ bending at point j, and punch displacement is 
12H ˗ 
step 2.1˖bending at point a , and punch displacement is 
21H ˗ 
ĂĂ 
Step .n i˖end of the bending. 
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Fig. 2. The overall bending process  
Press bend forming at one bending point as shown in Fig. 3, 
the span of support body is L , and the load is exerted by 
punch to the bending point. When the position of punch and 
support body are confirmed during the bend forming process, 
the choice of a reasonable punch displacement is important. It 
is crucial to confirm the punch displacement H . Therefore, 
the springback will be analyzed following in this paper during 
bending process. The stroke of punch displacement is 
calculated based on elastoplastic theory, energy method and 
mathematics. 
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Fig. 3. Single-point bending forming  
3. Springback analysis in forming process  
During the bending process, the characteristics of material 
will be changed through three stages: elastic deformation, 
elastic-plastic deformation and plastic deformation. 
Springback occurs in the stages of elastic deformation and 
elastic-plastic deformation after unloading. Stress and 
displacement keep linear relationship at the stage of elastic 
deformation, and springback and punch displacement is equal. 
When the buckling load reaches the yield strength of the 
material, material will completely go into the stage of plastic 
deformation, and the deflection occur at this time. In order to 
analyze the problem of springback conveniently, the 
assumptions are made as 
a. any cross-section is considered to be plane before and 
after bending. 
b. neglecting the effect of shear force, the process is 
considered as a pure bending process. 
Because the length of the neutral layer does not change 
during the bending process of butt joints, the change of the 
curvature of the neutral layer can be regarded as the curvature 
of butt joints. The model used to analyze springback as shown 
in Fig. 4. 
   
Fig. 4. Model of springback analysis 
The deflection of butt joint before unloading can be 
obtained through the formula, bending deflection under 
concentrated force in the middle of a simple supported beam, 
in mechanics of materials as  
3
0= 48
FLh
EI
                                       (1) 
where F is loading force, L  is the span between support 
body, E  is elastic modulus. 
The relationship between punch displacement and 
deflection can be obtained based on the energy method and 
geometric analysis. The total energy of butt joint is expressed 
as U ˈpart of the energy is elastic deformation energy, 
which is expressed as eU . It will be released after unloading 
and the deformation of butt joint will recover, the deflection 
recovered after unloading is expressed as eh . The other part 
of the energy is plastic deformation energy, which is 
expressed as pU . The permanent deformation will be 
occurred and the deflection is expressed as ph . Thus, the total 
energy and displacement at the stage of elastic-plastic forming 
can be expressed as 
                    
0
0e p
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where M is bending moment, 0D is the angle 
corresponding to bending moment.
The relationship between bending moment and the 
corresponding angle is shown in Fig. 5. 
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Fig. 5. Relationship between bending moment and angle[12]           
eU can be expressed as 
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(4) 
In the mechanics of materials, the bending strain energy 
can be expressed as 
                              
2
0
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where L is the span between support body. 
From Eq. (4) and Eq. (5), the elastic deformation curvature 
is obtained as 
                          0e
M
EI
U                                   (6)  
The length of the neutral layer of the workpiece does not 
change during the bending process, and eh can be obtained 
based on geometric analysis as 
                      
1
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From Eq. (3) and Eq. (7), ph  is obtained as 
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282   Min Zhang et al. /  Procedia CIRP  56 ( 2016 )  279 – 283 
The total deflection of butt joint is shown in Fig. 6. Where 
the initial length of butt joint is 
mL , the total deflection 
before and after springback can be obtained based on 
geometric relation as 
                0 0 0 0 0
1
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Fig. 6. Deflection before and after springback 
In the bending process of multi-step forming, the support 
body will produce influence to the plastic areas already 
deformed when the punch and support body moved. This is 
the main obstacle for improving accuracy. The detailed 
calculation will be made in the future work.  
4. FEM modeling and simulation 
4.1. Simulation procedure 
Reference to the actual forming experience in aircraft 
manufacturing factory, the simulation procedure is shown in 
Fig. 7.  
 
Fig.7. Flow chart of simulation procedure  
The bend forming process is simulated under the 
environment of ABAQUS/standard. The 3D model of integral 
panel is shown in Fig. 8. In order to maintain the consistency 
with the actual processing, the panel model is established the 
same as the size of the aircraft manufacturing factory. The 
material of integral panel is aluminium alloy 1933T3, and it is 
assumed as an isotropic plastic material model. The 
parameters defined in simulation is listed in table 1. Because 
the rolling direction of the material doesn’t play an important 
role during the forming process, so the Mises yield criterion is 
adopted in the simulation. The punch and support body are 
presumed to be rigid bodies, so it is not necessary to assign 
material properties to them. While the integral panel is 
deformable body, so it must be assigned material properties to 
integral panel. The integral panel is modeled with 3D brick 
elements(C3D8R), and the punch and support body are 
modeled with rigid discrete elements(R3D4). Bending points 
are chosen at the extension line of stiffeners on butt joint to 
improve the reliability of the bend forming. The moving of 
rigid body is realized through the reference point RP in each 
step of bend forming process, so the movement of support 
body and punch displacement loading achieved by reference 
points RP. 
 
 
Fig.8. 3D model of integral panel   
Table 1. Parameters used in simulation 
simulation parameters Values 
length 820mm 
width 125mm 
thickness 65mm 
punch diameter 150mm 
Support body diameter 190mm 
span 400mm 
material 1933T3 
elastic modulus 69GPa 
Poisson ratio 0.33 
yield stress 385MPa 
friction coefficient 0.2 
4.2. Results and discussion  
The Mises stress distribution at step1 of bending and 
springback are shown in Fig. 9. The comparison of simulation 
and calculation data are listed in Table 2.  
As shown in Table 2, the value of springback is very large. 
The reason can be explained: the relative bending radius, 
which is larger in the simulation process, leads to the large 
amount of springback during the bending process. Besides, 
when the punch displacement is less than 4mm, the amount of 
resilience is very large, and the plastic deformation is almost 
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zero. The plastic deformation increased gradually with the 
increment of the punch displacement. Finally, the results of 
simulation and calculation agree well. 
 
Fig.9. Stress distribution in simulation (a) bending.step1.1, ƸH11=3.5mm (b) 
springback.step1.1 (c)bending.step1.2, ƸH12=3 mm (d)springback.step1.2 (e) 
bending.step1.3, ƸH12=3mm (f) springback.step1.3 
Table2. Comparison of simulation and calculation data 
 deflection 
step Step1 Step2 
punch displacement 
(mm) 
3.5 3 3.6 3 
loading force(t) 45.1 39.1 37.19 46.64 39.06 37.15 
bend point a m j a m j 
before 
spring-
back 
simulation 3.5 3 3 3.6 3 3 
calculation 3.05 2.64 2.5 3.15 2.64 2.51 
after 
spring-
back 
simulation 0.003 0.003 0.004 0.008 0.008 0.008 
calculation 0.003 0.002 0.002 0.006 0.004 0.004 
step Step3 Step4 
punch displacement 
(mm) 
3.8 3.5 4 3.5 
loading force(t) 49.67 46.89 44.94 52.4 46.65 44.71 
bend point a m j a m j 
before 
spring-
back 
simulation 3.72 3.706 3.5 4 3.745 3.5 
calculation 3.36 3.17 3.04 3.54 3.15 3.02 
after 
spring-
back 
simulation 0.02 0.02 0.02 0.04 0.04 0.04 
calculation 0.01 0.01 0.01 0.02 0.02 0.02 
5. Conclusions 
In this paper, a method of press bend forming, DTPMS, is 
proposed, the movement of punch and support body are 
considered in this method. Besides, a FEM model is 
established under the environment of ABAQUS/Standard, 
which is used to simulate the process of press bend forming. 
Springback is analyzed during bending process, the 
relationship between punch displacement and butt joints 
deflection is obtained based on elastoplastic theory, energy 
method and geometric analysis. The results of calculation and 
simulation are verified agree well. With the proposed method, 
it will improve the bending quality and efficiency of the panel 
joints in practical production. 
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